The objective of the present work was to formulate gemcitabine hydrochloride loaded functionalised carbon nanotubes to achieve tumour targeted drug release and thereby reducing gemcitabine hydrochloride toxicity. Multiwalled carbon nanotubes were functionalised using 1,2-distearoylphosphatidyl ethanolamine-methyl polyethylene glycol conjugate 2000. Optimised ratio 1:2 of carbon nanotubes:1,2-distearoylphosphatidyl ethanolamine-methyl polyethylene glycol conjugate 2000 was taken for loading of gemcitabine hydrochloride. The formulation was evaluated for different parameters. The results showed that maximum drug loading efficiency achieved was 41.59% with an average particle size of 188.7 nm and zeta potential of −10.1 mV. Scanning electron microscopy and transmission electron microscopy images confirmed the tubular structure of the formulation. The carbon nanotubes were able to release gemcitabine hydrochloride faster in acidic pH than at neutral pH indicating its potential for tumour targeting. Gemcitabine hydrochloride release from carbon nanotubes was found to follow Korsmeyer-Peppas kinetic model with non-Fickian diffusion pattern. Cytotoxic activity of formulation on A549 cells was found to be higher in comparison to free gemcitabine hydrochloride. Stability studies indicated that lyophilised samples of the formulation were more stable for 3 months under refrigerated condition than at room temperature. Thus carbon nanotubes can be promising carrier for the anticancer drug gemcitabine hydrochloride.
Cancer has become one of the leading causes of death for the past 50 years. Every year, more than 10 million people in the world are diagnosed with cancer and more than 6 million die due to cancer [1] . Despite several modes of treatment options available such as chemotherapy, radiotherapy and immunotherapy, cure of cancer has still remained a challenge because of unavoidable cytotoxicity to normal cells. Radiotherapy may cause infertility and internal organ damage [1, 2] . Cells in the lining of tongue, stomach and bowel may be degraded and bone marrow gets affected by use of chemotherapeutics [2] . In immunotherapy, variability in the patients' antigens as well as mutations in the tumour cells and antigens makes this therapy mode ineffective [3] . Hence, because of all these limitations, there is a vital need to target a drug molecule exclusively to the tumour cells and thus minimise the toxicity of chemotherapeutic agents.
To increase therapeutic efficacy and reduce undesired effects produced by various chemotherapeutic agents, different novel formulations have been developed and studied in vitro and in vivo [4] . Various drug delivery systems, with or without targeting moiety, have been investigated such as synthetic liposomes [5] , nanogels [6] , micro-or nanospheres [7] , micelles [8] and polymer-drug conjugates [9] for safe and effective treatment of cancer. Targeting of these formulations can be achieved by two means, passive targeting which is governed by size and surface properties of formulation and active targeting, which uses specific ligand to locate the site of interest [10] . Nanosized delivery systems are able to passively accumulate drugs in solid tumours by enhanced permeation and retention phenomenon [4] . However, these carriers also have drawbacks, like low drug loading capacity, which ultimately restricts their use from laboratory to clinics. Liposome shows physical instability in solution due to its amphiphilic nature and superficial toxicity due to prolonged circulation [11] . Dendrimers,
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themselves, are cytotoxic in nature and provide slow release rate [12] .
Carbon nanotubes (CNTs) have recently received considerable attention due to their excellent cell penetration capacity and high loading for cargo molecules, which makes it beneficial in chemotherapy.
CNTs have the potential to deliver the drug molecule to target cells for selective destruction, which reduce the distribution of drug to normal cells and hence avoidance of toxicity to noncancerous cells [13] . Functionalised carbon nanotubes (f-CNTs) can cross the cell membrane and body do not recognise them as harmful intruders [14] . CNTs are of two types, either singlewalled carbon nanotubes (SWCNTs) or multiwalled carbon nanotubes (MWCNTs). MWCNTs offer high drug loading because of the higher surface area [15] . CNTs tend to agglomerate resulting in poor solubility in aqueous and organic solvents and hence are difficult to disperse. This difficulty can be overcome by functionalisation of CNTs, which involves adsorption of surfactants on the surface of the sidewalls of CNTs that are hydrophobic in nature. This ultimately reduces agglomeration and hence increases the aqueous solubility of CNTs [12, 16] . Moreover upon polyethylene glycolylation (PEGylation) CNTs avoids reticulo-endothelial system uptake and hence remains in circulation for extended periods of time maintaining sustained drug release [17] . Moreover, by virtue of their small particle size, CNTs can be selectively taken up by tumour tissues by enhanced permeation and retention phenomenon. Availability of free functional groups at the surface of CNTs can be utilised for conjugation of targeting moieties like ligands including antibodies, which renders site-specific delivery of drug. CNTs also bear high surface area and polyaromatic structure, which favour supramolecular chemistry with a wide range of drug molecules [4] . Functionalisation of CNTs can be achieved covalently or noncovalently. A covalent functionalisation method involves organic reaction, whereas noncovalent fuctionalisation method uses various surfactants or polymers to solubilise CNTs. Thereafter drug loading is performed on f-CNTs [16] .
Gemcitabine hydrochloride (GEM HCl) is an antimetabolite nucleoside analogue, preventing cells from producing DNA and RNA that in turn inhibits cell growth and ultimately causes cell death. It is approved for use in treatment of various cancers like breast cancer, pancreatic cancer, bladder cancer and non-small cell lung cancer. Moreover, it is used experimentally in various types of tumours including oesophageal cancer [18] . Unfortunately, its high volume of distribution (370 l/m 2 ) and rapid metabolism leads to its rapid elimination (plasma half-life 34-96 min) and hence its cytotoxic effect is only exposure-time dependent. Hence to get prolonged drug effects, repeated application of relatively sufficient high doses is required. This ultimately results in a dose-limiting systemic toxicity [19] . GEM HCl exhibits pH dependent solubility whereby it is more soluble at pH 4-5 (pH of the tumour interstitium) than at pH 7.4 (pH of blood). GEM HCl loaded f-CNTs are expected to remain in circulation for prolonged periods due to steric stabilisation owing to the presence of surfactants. While in circulation, minimum drug release is expected due to low solubility. Moreover, due to enhanced permeation and retention effect, the f-CNTs are expected to be taken up by the tumour interstitium and release the drug. Extracellular tissues and intracellular lysosomes and endosomes are acidic hence facilitates the GEM HCl release [18, 19] . Thus, pH dependent delivery system of GEM HCl could be developed through use of f-CNTs. The objective of the present work was to develop GEM HCl-loaded f-CNTs as potential tumour targeted drug delivery system.
MATERIALS AND METHODS

GEM HCl was gifted by Sun Pharma Advance
Research Center, Vadodara, India. MWCNTs were purchased from Sigma Aldrich, Vadodara, India. DSPE-mPEG 2000 (1,2-distearoylphosphatidyl ethanolamine-methyl polyethylene glycol conjugate 2000) was gifted by Cipla Ltd., Mumbai, India. Potassium dihydrogen phosphate and disodium hydrogen phosphate were purchased from Suvidhinath Lab., Vadodara, India. Sodium chloride was purchased from Loba Chemie Pvt. Ltd., Vadodara, India. All other chemicals and solvents were of analytical or HPLC grade.
Functionalisation of CNTs:
For functionalisation of CNTs, covalent functionalisation was tried using mixture of 1:3 ratio of sulphuric acid:nitric acid [20] . However, the CNTs sedimented within 24 h and hence, the method did not yield stable suspension. Therefore, noncovalent functionalisation method was used [11] . In this method, MWCNTs (10 mg) and DSPE-mPEG 2000 were mixed in 10 ml of phosphate buffer saline (PBS) pH 7.4. Mixture was immediately sonicated using bath sonicator (5 min×18 cycles) (Modern industrial corporation, Mumbai, India). After sonication, the mixture was centrifuged (Remi C-24, Mumbai) at 25 000 rpm for 30 min to remove unbound surfactant. Different batches were prepared by keeping the amount of MWCNTs constant (1 mg/ml) and varying concentration of DSPE-mPEG 2000 to obtain optimal ratio of CNTs:DSPE-mPEG 2000 as shown in Table 1 . Average particle size of all batches was measured and the one showing minimum particle size was selected for drug loading [21, 22] . Photographic images of MWCNTs before and after functionalisation was taken.
Fourier transform IR spectroscopy:
To study the functionalisation of MWCNT, chemical characterisation was done by Fourier transform infrared (FT-IR) spectroscopy study. The study was performed for MWCNT, f-CNTs and DSPE-mPEG 2000 . The IR spectrum of the pellet, obtained by pressing the sample and KBr powder mixture by a press, was recorded (Perkin-Elmer FT-IR spectroscope, Spectra One, USA) [23] .
Drug loading on f-CNTs:
For drug loading in f-CNTs, various batches having constant amount of f-CNTs (1 mg/ml) and varying concentrations of GEM HCl were taken as shown in Table 2 . GEM HCl solution in water was mixed with 1 ml of f-CNTs solution. The mixture was bath sonicated for 5 min to ensure proper mixing of f-CNTs and GEM HCl and was further allowed to stand overnight. Then the precipitates formed were redispersed by bath sonication for 1-2 min. Free drug separation was done by centrifugation at 25 000 rpm for 30 min (Sigma centrifuge, 3K30, Sigma Aldrich, Germany). The supernatant was collected and particle size of GEM HCl-loaded f-CNTs was measured. Absorbance of the sediment containing free drug, after proper dilution with PBS (pH 7.4) was measured at 268 nm against blank (PBS pH 7.4) by UV/Vis spectrophotometer (Schimadzu UV-1700, Pharma Spec, Tokyo, Japan). The amount of free drug was quantified relative to the calibration curve recorded under same conditions allowing the determination of drug loading efficiency [22, 24] . Percent drug loaded (PDL) was calculated by subtracting amount of entrapped drug from total amount of drug added and dividing by total amount of drug added. The batch showing higher drug entrapment along with desired particle size range of less than 200 nm was selected as final batch and was characterised for different parameters.
The final batch of GEM HCl-loaded f-CNTs was freeze dried using sucrose as the cryoprotectant in the ratio of 3:1 (sucrose:total solid content of formulation). The formulation was deep freezed at −70° for 24 h in deep freezer (Amancio Lab, Mumbai, India). The formed ice cake containing vials were transferred to the Heto Freeze-dry system (Heto dry, Denmark) and lyophilised under vacuum at 50 mbar for 24 h.
Particle size and zeta potential analysis:
The particle size and zeta potential of f-CNTs and GEM HCl-loaded f-CNTs were measured using Malvern Zetasizer, Zeta-nano particle electrophoresis analyzer setup (Nano ZS, Zen 3600, Malvern Instruments Ltd., UK) equipped with 5 mV He-Ne laser (633 nm) and an in-built software that uses Helmholtz-smoluchowski equation [4] . The measurements were done in triplicate and average particle size and average zeta potential were recorded.
Surface morphology:
The surface morphology of GEM HCl loaded f-CNTs was studied by Scanning Electron Microscopy (Jeol JSM-5610LV, Japan) and Transmission Electron Microscopy (Philips Technai 20, Holland) [4, 22] .
In vitro release study:
The study was carried out for plain drug and unlyophilised sample of drug loaded f-CNTs. Apparatus for study consisted of donor and receptor compartments, differentiated by diffusion membrane (MWCO-12 000, Sigma-Aldrich) [25] . The activated dialysis membrane (activation procedure as given by manufacturer) was washed with PBS (pH 7.4). The CNTs suspension and plain GEM HCl solution equivalent to 1.5 mg of GEM HCl were accurately transferred into two different sacs, which thus became the donor compartments. Open end of sacs were tied up using thread and then were suspended in two different glass beakers containing 25 ml of PBS (pH 7.4) each, which acted as a receptor compartments. The same procedure was followed when phosphate buffer (pH 5.5) was used as a receptor compartment. The contents of the beakers were stirred at 100 rpm using teflon coated bar magnet and were covered with the aluminium foil to prevent any evaporative losses during the experiment run. The temperature of bulk of the solution was maintained at 37±0.5°. Five millilitres of samples were collected at predetermined time points for 36 h, from the receptor compartment and were subjected to analysis. Fresh buffer was used to replenish the receptor compartment. As GEM HCl shows pH dependent solubility, release from CNTs was examined as a function of pH. After performing drug release study, data were fixed in various models and best fitting model was analysed by correlation coefficient (R 2 ) value. R 2 value nearer to 1 indicates best suitable release model. The different models, which were applied for drug release from CNTs, were Zero order release, First order release, Higuchi's model, Hixon-Crowell model and Korsmeyer-Peppas model.
In vitro cytotoxicity study:
A549 lung cancer cells (10 4 cells/well) in its exponential growth phase was plated in 96-well flat bottom tissue culture plates and incubated at 37°, with 5% CO 2 in incubator for 24 h, during which cells were allowed to adhere and to grow as monolayer. Samples studied were GEM HCl solution and GEM HCl-loaded f-CNTs, which were diluted with culture media to make various concentrations and were added in triplicate (200 µl each). Control wells were treated with equivalent volumes of GEM HCl free media. After 36 h of incubation period, supernatant was removed and washed with 100 µl PBS. Next, MTT (3-(4,-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium, 1 mg/ml) in culture medium was added to each well and again incubated for 4 h. The unreduced MTT and medium were then discarded and 200 µl of DMSO was added to dissolve the MTT formazan crystals [26, 27] . Plates were shaken and absorbance was measured at 595 nm using the microplate reader (ELISA Reader, Bio-Rad, USA). Cell viability was determined in percentage on dividing mean absorbance of sample by mean absorbance of control.
The IC 50 values (i.e. concentration resulting in 50% growth inhibition) of GEM HCl were graphically calculated from concentration-effect curves, considering the optical density of the control well as 100%.
Stability study:
Lyophilised formulation was subjected to stability studies in triplicate at conditions according to International Conference on Harmonisation (ICH) guidelines. The formulations were stored at 5±3° and 30±2° with 65±5% RH for 3 months [28] . At the interval of 15 days, samples were withdrawn from the vials and rehydrated with distilled water and evaluated for particle size and percent drug retained.
Statistical analysis:
Quantitative data were expressed as mean±standard deviation. Means were compared using Student t-test. P<0.05 were considered statistically significant.
RESULTS AND DISCUSSION
The sidewalls of CNTs are highly hydrophobic because of which it is difficult to disperse them both in aqueous and organic media. For the use of CNTs as carriers for drug delivery, it is often necessary to disperse them uniformly in aqueous medium. Hence, functionalisation of CNTs was carried out to impart dispersibility to CNTs in different media. Moreover, for functionalisation PEG was used, which also provides reduced reticuloendothelial system (RES) uptake resulting in prolonged circulation in blood. This property was attributed to the irreversible surface adsorption of PEG molecules on MWCNTs [29] . This surface adsorption was possible by using DSPE, which attaches noncovalently to both CNTs surface and PEG molecules. Hence, DSPE-mPEG 2000 was used for functionalisation of MWCNTs in ratio of 1:2 w/w of DSPE:mPEG 2000 . Different batches prepared with varying ratios of CNTs:DSPE-mPEG 2000 revealed that initially particle size of formulation decreased as the amount of DSPE-mPEG 2000 increased up to the ratio of 1:2 of CNTs:DSPE-mPEG 2000 . Further when the amount of DSPE-mPEG 2000 was increased, the particle size also increased and reaggregation was observed after 1:4.5 ratio due to presence of excess of DSPE-mPEG 2000 . Desirable particle size of 178.23 nm (Table 1) was found in ratio of 1:2, hence this CNTs: DSPE-mPEG 2000 was taken as optimised ratio and was used for loading of GEM HCl and further characterisation. The f-CNTs had better dispersibility than CNTs because of PEGylation. The suspension remained stable as f-CNTs remained dispersed even after 24 h. This confirmed that the functionalisation of CNTs using PEGylated phospholipids gives stable formulations. Photographic image of CNTs before and after functionalisation is shown in fig. 1 . As seen in the figure, MWCNTs remained settled as such in distilled water before functionalisation, while after functionalisation, f-CNTs could been seen suspended since clear solution was obtained. This further confirms that functionalisation has taken place.
Moreover, FT-IR spectrum was recorded and results are shown in fig. 2 . The prominent peak in spectra of MWCNTs ( fig. 1a) seen at 1400 and 1649 cm −1 may be due to stretching vibrations carbon nanotube backbone. The broad peak at 3426 cm −1 may be due to O-H stretching of the hydroxyl group, which may be due to oscillation of carboxyl groups. These carboxyl groups may be due to partial oxidation of the surfaces of MWCNTs during purification by the manufacturer [30] . The peak at 1721 cm −1 in DSPEmPEG 2000 (fig. 1b) represents the carbonyl bond vibrations, peak at 1100 cm −1 relates to C-O secondary alcohol while at 951 cm −1 represents P-O-C aliphatic stretching vibrations. These peaks seemed to be merged with the CNTs peaks as seen in the f-CNTs spectra ( fig. 1c ). There may be noncovalent interaction between MWCNTs and DSPE-mPEG 2000 . Hence, the skeletal vibrations, which were seen in MWCNTs spectra, were also seen in f-CNTs spectra [31] . Further, upon drug loading in f-CNTs, with an increase in the concentration of GEM HCl, the loading also increased possibly due to availability of higher amount of drug. Maximum drug loading of 41.57% was found when ratio of f-CNTs:GEM HCl was 1:3 (Table 2) while particle size decreased. The average particle size increased more than desirable size (<200 nm) upon further increase in GEM HCl concentration and aggregation of particles was also observed when ratio was 1:8. Hence, it was observed that 1 mg of f-CNTs could hold a maximum of 3 mg of GEM HCl. Hence, 1:3 of f-CNTs:GEM HCl was taken as optimised ratio for later studies since further increase in GEM HCl amount led to an increase in particle size and further aggregation. GEM HCl has pH dependent solubility with higher solubility at low acidic pH. Thus, during drug loading, pH of medium is higher leading to adsorption of GEM HCl on CNTs via π-stacking and hydrophobic interaction between GEM HCl molecule and MWCNTs walls [30] .
The mean particle size of f-CNTs before drug loading was found to be 178 nm with polydispersibility index (PDI) of 0.339. Moreover, mean particle size of GEM HCl-loaded f-CNTs was found to be 188.7 nm with PDI of 0.324. This increase in particle size was observed after drug loading demonstrated that GEM HCl was adsorbed on the MWCNTs. However, the size of GEM HCl-loaded f-CNTs (188.7 nm) was in the desirable nanometric size range (below 200 nm). The surface charge of particles as well as the electrostatic stabilisation of the formulation was measured through zeta potential analysis. There was an increase in average zeta potential from −48.1 to −10.1 mV after GEM HCl loading that could be attributed to the cationic nature (amino groups) of GEM HCl molecules that were present on the surface of MWCNTs. Zeta potential plays an important role in stabilisation of the nanoparticles in dispersion form. However, the formulation was lyophilised and hence the value of −10.1 mV also gave stable formulation.
The scanning electron microscopic image (SEM) of f-CNTs was recorded as shown in fig. 3 . Also, the transmission electron microscopic image (TEM) of GEM HCl-loaded f-CNTs was recorded ( fig. 4) . The length of f-CNTs was observed to be of 259.86 nm calculated on linear basis. Both the images confirmed the tubular structure of the formulation.
Drug loading on f-CNTs and its release can be controlled by varying pH. So, comparative diffusion studies were carried out for plain GEM HCl and f-CNTs-drug formulations using diffusion cell for a period of 36 h in PBS pH 5.5 and PBS (pH 7.4). Cumulative percent GEM HCl release was plotted against time (t). The in vitro release in PBS pH 7.4 at the end of 6 h was found to be 90.36% from plain GEM HCl while it was only 37.12% from GEM HCl loaded f-CNTs and took 36 h to release 74.2% of GEM HCl. Moreover, in phosphate buffer pH 5.5, at the end of 5 h, 92.23% release was obtained for plain GEM HCl and 45.53% from GEM HCl-loaded f-CNTs and took 36 h to release 99.79% from it ( fig. 5 ). The plain drug diffused rapidly from the dialysis membrane in both media indicating that this membrane does not control the drug release from formulation. Also, this drug release was found to be higher (P<0.05) in phosphate buffer pH 5.5 than in phosphate buffer pH 7.4 but significant difference was not obtained. Moreover, as compared with free drug, f-CNTs provided sustained drug delivery. In acidic media (pH 5.5), more and rapid GEM HCl release was obtained as compared with physiological pH (pH 7.4) possibly due to the pH dependent π stacking interaction between GEM HCl molecule and MWCNTs [31] . This higher release rate obtained in acidic media will be beneficial in vivo since at tumour sites, the pH of interstitial fluid (which is around pH 5-5.8) and of endosomes (which is around pH 5.0) are acidic as compared with pH at noncancerous cells. Hence, GEM HCl release from f-CNTs will be more at tumour sites than to the noncancerous cells. This would ultimately reduce the toxicity of drug to the normal cells and successful pH dependent drug delivery systems out of f-CNTs to targeted tumours could be obtained. Further, these results were fitted in different kinetic models to determine GEM HCl release mechanism from f-CNTs. R 2 values were obtained as shown in Table 3 . From the table, R 2 values of Higuchi's model were closer to 1.0 as compared with other models. Hence, the drug release from CNTs was observed to follow this model indicating diffusion controlled release [32] .
The cytotoxicity of GEM HCl-loaded in f-CNTs against A549 lung cancer cells were determined by using MTT dye reduction assay and was compared with that of plain GEM HCl. The results obtained are shown in fig. 6 . There was no cytotoxic effect found in A549 cells treated with blank f-CNTs. With increasing concentrations, the percent cell viability was found to be decreasing. IC 50 value of GEM HClloaded was found to be 10.4 µM and of GEM HCl loaded f-CNTs was found to be 9.1 µM. Although, GEM HCl-loaded f-CNTs exhibited a little more cytotoxicity as compared to free GEM HCl, there were no significant difference (P>0.05) between both at equal GEM HCl concentrations. Hence, the activity of GEM HCl was not adversely influenced during formulation step and cytotoxicity of main active component from GEM HCl loaded f-CNTs were GEM HCl. Moreover, no cytotoxicity found by f-CNTs at these concentrations suggests their safe biological applications at these concentrations [33] .
Lyophilisation of formulation helps in keeping the product stable during long-term storage. This can be achieved by using cryoprotectant such as trehalose, sucrose, mannitol and dextrose. Therefore for stability studies, the formulation was lyophilised using sucrose as cryoprotectant, which is widely used in industry because of its easy availability and low cost. The results in terms of percent drug retained and particle size are shown graphically in figs. 7 and 8, respectively. There were no changes in physical properties of f-CNTs. At the end of 3 months, the particle size and percent drug retained of lyophilised formulation kept at room temperature were found to be 241 nm and 87.66%, respectively, while it was found to be 210 nm and 96.72%, respectively for sample kept as 5±3°. It indicated that the particle size of the rehydrated lyophilised GEM HCl-loaded f-CNTs was not altered significantly and also no significant reduction in the percent drug retained after rehydration of lyophilised f-CNTs when stored at 5±3° temperature, as compared with 30±2°/ 60±5% RH over a period of 3 months. Hence after lyophilisation storage at 5±3° provides the better stability to the f-CNTs.
GEM HCl-loaded functionalised MWCNTs were formulated and PEGylated. The drug loading capacity of 3 mg of GEM HCl per mg of f-CNTs was obtained. In acidic pH media, higher GEM HCl release was obtained, which confirmed suitability of using such formulation for tumour targeting.
However, attachment of specific ligands or antibodies can still further improve the targeting efficiency. Extended research on the f-CNTs is expected to yield promising results in tumour bearing animals. Biodistribution and pharmacokinetic studies can still give us a better idea on the performance of the f-CNTs in vivo. 
